Calcium intake during growth influences peak bone mass and is a subsequently important factor in prevent ing postmenopausal and age-related osteoporosis (1) . Adolescent girls and young adult women are the most likely to have calcium-deficient diets (2), and do not ingest adequate calcium. Inadequate calcium intake during growth may hinder the attainment of peak bone mass.
It is known that vitamin D supplementation in creases intestinal calcium absorption via the endocrine system, especially 1,25-dihydroxyvitamin D. Recently, several reports have demonstrated the effects of vitamin K on calcium balance in rats; vitamin K2 improves poor calcium balance in 20-wk-old ovariectomized rats (3), and also improves abnormal declines in serum calcium and magnesium levels and abnormal increases in serum parathyroid hormone (PTH) level and renal cal cium concentration in 7-wk-old calcium/magnesium deficient rats (4). Thus, vitamin K and vitamin D may have the potential to improve calcium imbalance induced by calcium deficiency. However, less attention has been paid to the importance of vitamin D and vita min K during growth in retaining calcium in the intes tine and kidney and attaining bone health.
Although an additive effect of vitamin K and vitamin D supplementation on increasing peak bone mass in young rats has been demonstrated (5), its mechanism in terms of their additive effect on intestinal and renal calcium retention has not been clarified. Furthermore, it is not determined yet whether vitamin K and vitamin D act on bone mass as well as calcium balance addi tively under calcium deficiency. The purposes of this study were to examine the effects of vitamin K and vita min D supplementation on calcium balance in young rats fed a normal or low calcium diet by nutritional cal cium balance study, and to determine whether com bined supplementation of vitamin K and vitamin D would have additive effects on calcium balance. Serum calcium, phosphorus, creatinine, and calciotropic hormones. All rats were processed for death at 10wk after the start of the experiment. They were anesthe tized with 80mg/kg ketamine injected intraperito neally together with 12mg/kg xylazine, and killed by exsanguination. Upon death, serum was collected from the rats in all groups. Serum calcium, phosphorus, and creatinine levels were measured by an automated instrument (Dada Behring Model RXL, Bakersfield, CA, USA): Serum bioactive intact PTH level was measured using a commercial enzyme linked immunosorbent assay (ELISA) kit that was specific to rat PTH (ALPCO Diagnostics, Windham, NH, USA). Intestinal calcium absorption efficiency, calcium balance, and calcium retention. During the eighth and ninth week, food intake for 3 consecutive days was measured and urine and feces for 3 consecutive days were col lected from 8 rats in each group to carry out nutritional balance studies. Urinary calcium, phosphorus, and cre atinine levels were measured by an automated instru ment (Dada Behring Model RXL), and fecal calcium level was measured by a colorimetric method using a diagnostic kit (Sigma, St. Louis, MO, USA). Daily cal cium intake was estimated from daily food intake. Intes tinal calcium absorption efficiency, calcium balance, and calcium retention were calculated by the following equations: intestinal calcium absorption efficiency= (calcium intake-fecal calcium)/calcium intake; cal cium balance=calcium intake-(urinary calcium+fecal calcium); and calcium retention=calcium balance!cal cium intake.
Statistical analysis. All data are presented as mean and standard deviation (SD), Comparisons of data among the groups were performed by analysis of vari ance (ANOVA) with Fisher's protected least significant difference (PLSD) test, The effects of vitamin K and vita min D supplementation were analyzed by two-way ANOVA. All statistical analyses were performed using the Stat View J-5.0 program (SAS Institute, Cary, NC, USA) on a Macintosh computer. A significance level of p<0.05 was used for all comparisons.
RESULTS
Serum calcium, phosphorus, and calciotropic hormones Table 1 shows the levels of serum calcium, phospho rus, creatinine, and calciotropic hormones. Calcium deficiency induced hypocalcemia and increased serum PTH level, resulting in a decrease in serum 25(OH) D level and an increase in serum 1,25(OH)2 D level as compared with no calcium deficiency. Vitamin K sup plementation did not prevent hypocalcemia, but retard ed the abnormal elevation of serum PTH level with no significant influence on serum 1,25(OH)2 D level in rats fed a low calcium diet, and increased serum 1,25(OH)2 D level in rats fed a normal calcium diet. On the other hand, vitamin D supplementation prevented the abnor mal elevation of serum PTH level and hypocalcemia, and increased serum 25(OH) D and 1,25(OH)2 D levels in rats fed a low calcium diet, and increased serum 25 (OH) D and 1,25(OH)2 D levels without alterations in serum calcium and PTH levels in rats fed a normal cal cium diet. Intestinal calcium absorption efficiency, calcium balance, and calcium retention Tables 2 and 3 show the results of the calcium bal ance study. Urine creatinine data allowed us to confirm the consistency of urine collection. Calcium deficiency reduced daily calcium intake, stimulated intestinal cal cium absorption, reduced urinary calcium excretion, and increased intestinal calcium absorption efficiency and calcium retention, but decreased calcium balance. Vitamin K supplementation promoted the reduction in urinary calcium excretion and increased calcium reten tion and calcium balance in rats fed a low calcium diet, and increased intestinal calcium absorption efficiency, calcium retention, and calcium balance in rats fed a normal calcium diet. On the other hand, vitamin D sup plementation stimulated food (calcium) intake and increased intestinal calcium absorption efficiency, cal cium balance and calcium retention in rats fed a low calcium diet, and also stimulated increased intestinal calcium absorption efficiency, calcium retention, and calcium balance in rats fed a normal calcium diet. Vita min D supplementation increased urinary calcium excretion in rats fed a low or normal calcium diet. An additive effect of vitamin K and vitamin D on intestinal vitamin D supplementation stimulated intestinal cal cium absorption via increased serum 1,25(OH)2 D level in both rats fed a normal diet and in those fed a low cal cium diet. An additive effect of vitamin K and vitamin D, which resulted in increased intestinal calcium absorption, was found only when calcium intake was at an adequate level. There was no effect, however, when the diet was deficient in calcium. First, calcium deficiency induced hypocalcemia, increased serum PTH and 1,25(OH)2 D levels with decreased serum 25(OH) D level, stimulated intestinal calcium absorption, and reduced urinary calcium excretion. The decrease in serum 25(OH) D level might have been due to an increased serum level of PTH, which converts 25(OH) D into 1,25(OH)2 D, and an increased serum 1,25(OH)2 D level might have resulted in increased intestinal calcium absorption. The changes in these parameters in response to calcium deficiency are considered to be physiologically reasonable.
Vitamin K supplementation promoted the reduction of urinary calcium excretion, increased calcium reten tion and calcium balance, and retarded the increase in serum PTH level despite the absence of a significant effect on hypocalcemia in rats fed a low calcium diet, and stimulated intestinal calcium absorption by increasing serum 1,25(OH)2 D level in rats fed a nor mal calcium diet. The response of calciotropic hor mones and renal and intestinal calcium retention to vitamin K supplementation is apparently different between low and normal calcium diet conditions in rats. Several studies have demonstrated the effects of vitamin K supplementation on intestinal and renal cal cium excretion in animals. Kobayashi et al. (3) showed that vitamin K supplementation in severe calcium/ magnesium-deficient rats improved the abnormal decreases in serum calcium and magnesium levels and abnormal increases in serum PTH level and renal cal cium concentration. Tomiuga et al. (6) showed that vitamin K supplementation in vitamin K-deficient and sodium-loading rats prevented the reduction in intesti nal calcium absorption. Thus, vitamin K supplementa tion may have the potential to increase renal and intes tinal retention. We have found that vitamin K supple mentation acts more strongly on renal calcium reten tion system under calcium deficiency, while vitamin K supplementation increases intestinal calcium absorp tion under calcium sufficiency, although the responses to vitamin K supplementation alone were fairly unre markable with the exception of decreased urinary cal cium excretion in rats fed a low calcium diet.
Vitamin D supplementation stimulated intestinal cal cium absorption via increased serum 1,25(OH)2 D lev els with prevention of the abnormal elevation of serum PTH levels and prevented hypocalcemia in rats fed a low calcium diet, and also stimulated intestinal calcium absorption via increased serum 1,25(OH)2 D levels without alterations in serum calcium and PTH levels in rats fed a normal calcium diet. Vitamin D supplementa tion increased urinary calcium excretion in rats fed a low or normal calcium diet. In contrast to vitamin K supplementation, vitamin D supplementation similarly increased intestinal calcium absorption and urinary calcium excretion both in rats fed a low or normal cal cium diet. In particular, this increase in urinary cal cium excretion in rats fed a low calcium diet might sim ply result from increased serum calcium levels. These results are supported by several previous reports (7) (8) (9) . The responses to vitamin D supplementation appeared to be more striking but could be confirmed by numer ous existing studies.
The potential additive effects of vitamin K and vita min D on intestinal calcium absorption, calcium bah ance, and calcium retention in rats fed a normal cal cium diet, but not in rats fed a low calcium diet, seem to be very interesting. Available evidence suggests that the effect of vitamin K2 on mineralllization of human peri osteal osteoblasts is enhanced in the presence of 1,25 dihydroxyvitain D in vitro (10) . The effect of vitamin K2 on BMD in ovariectomized rats is affected by the plasma 25-hydroxyvitamin D level in vivo, and is signif icant only when rats are fed a diet containing vitamin D (11) . Furthermore, since vitamin K2 is a cofactor in the y-carboxylation of Gla proteins, it was expected to improve bone matrix, while vitamin D was expected to improve matrix mineralization. Based on this line of evi dence, combined treatment with vitamin D3 and vita min K2 for osteopenia is surmised to be more effective than either treatment alone. In the present study, how ever, an additive effect on intestinal calcium absorption or renal calcium retention was not found in rats fed a low calcium diet, but that on intestinal calcium absorp tion was found in rats fed a normal calcium diet, Matsu naga et al. (12) and Hirano and Ishii (5) demonstrated the additive effect of vitamin K and vitamin D on bone mass in adult ovariectomized rats or young rats fed a normal calcium diet. Iwamoto et al. (13) also demon strated the efficacy of combined treatment with vitamin K2 and vitamin D3 in postmenopausal women with osteoporosis under calcium supplementation. Thus, we speculate that calcium supplementation may be needed to produce additive effects of vitamin K and vitamin D supplementation on calcium balance in the treatment of osteopenia in rats. Probably because increased uri nary excretion caused by vitamin D supplementation significantly counteracts an increase in renal calcium retention resulting from vitamin K supplementation in rats fed a low calcium diet, their additive effect was not significantly found under calcium deficiency.
In conclusion, this study shows the differential effects of vitamin K and/or vitamin D supplementation on cal cium balance in young rats fed a normal or low calcium diet. Vitamin K supplementation promoted the reduc tion in urinary calcium excretion in rats fed a low cal cium diet, and stimulated intestinal calcium absorption by increasing serum 1,25(OH)2 D level in rats fed a nor mal calcium diet, On the other hand, vitamin D supple mentation stimulated intestinal calcium absorption via increased serum 1,25(OH)2 D level with prevention of the abnormal elevation of serum PTH level and pre vented hypocalcemia in rats fed a low calcium diet, and stimulated intestinal calcium absorption via increased serum 1,25(OH)2 D level without alterations in serum calcium or PTH levels in rats fed a normal calcium diet. 
